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ABSTRACT

construction of Glen Canyon Dam on the Colorado River by the Bureau of
Reclamation started in 1956, and the dam was officially closed in March 1953.
The 1957 degradation study based on a detailed bottom sediment sampling pro-
gram in 1956 and an analytical approach to sediment transport and armor
resulted in a prediction of about a 1.22-meter (4-foot) degradation immedi-
ately below the dam and 8.26 million cubic meters (6,700 acre-feet) of
erosion to take place in the reach above the mouth of the Paria River in
about 14 years.

To verify changes since closure of the dam, resurveys of cross sections in
the approximate 24-kilometer (15-mile) reach of the Colorado River from

Glen Canyon Dam to the mouth of the Paria River near Lees Ferry were made

in 1959, 1963, 1965, and 1975. Bottom sediment samples were also collected
in 1966 and 1975 to analyze the changes in material size as a result of the
degradation and armoring process. The resurveys confirmed the 1957 pre-
dictive study by noting that sufficient armoring material remained to control
excessive degradation with about 9.87 million cubic meters (8,000 acre-feet)
of material scoured from the channel bottom by 1975. This paper summarizes
the 1957 predictive study of probable degradation and describes the changes
that have taken place in the channel from 1956 to 1975.

INTRODUCTION

In the design of Glen Canyon Dam, engineers recognized that sediment carried
by the -Colorado River would be trapped in Lake Powell with an estimated annual
sediment inflow to the reservoir averaging about 128 million cubic meters
(104,000 acre-feet) (Gessel, 1963). With sediment being deposited in the
reservoir, releases through the powerplant or spills through the spillway
would be clear water capable of degrading the channel downstream from the dam.
A 1956 field study encountered problems in collecting adequate field data on
channel hydraulics and river bottom sediments needed to predict downstream
channel changes. Development of analytical procedures on sediment transport
and armoring material proved equally as difficult as application of engineer-
ing judgment to formulate conclusions and quantify downstream channel
degradation. The degradation and tailwater studies completed in 1957 served
38 a basis for final design of the powerplant, outlet works, and spillway
outlet for Glen Canyon Dam.

Regurveys of river ranges below Glen Canyon Dam have provided information
for quantifying the degradation occurring since 1963. Samples of river bottom
8ediment and especially the armoring materials provided information on the
phenomena of armoring that can occur below such a structure. Surveys of river
tanges and sediment sampling were conducted in cooperation with the Upper
Colorado Regional Office of the Bureau of Reclamation in Salt Lake City, Utah.
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1957 DEGRADATION STUDY

‘hydraulic and sediment sampling program was undertaken in 1956 (Miller and
Borland, 1957). T

Anticipating the channel would degrade below the dam, a detaiied channel

The purpose of collecting field data on the stream bottom sediments was to
provide information on the downstream sediments for use in analytical
studies on degradation. As a part of the investigations, observations were
also made in 1956 on various hydraulic and riverbed conditions that would
aid in controlling degradation. This involved locating the exposed gravel
; or cobble bars and determining the depth to underlying gravel bars or rock

controls. Twenty-four river cross sections (figure 1) were also surveyed
for use in water surface profile computations. 1In 1956, 10 downstream

ranges (figure 2) were selected for resurvey after the dam was constructed
to monitor any downstream changes.

The detailed sediment sampling accomplished in 1956 consisted of three
types of samples,

1. Bottom sediment samples of channel bed surface.

2. Ten deep bottom sediment samples penetrating to about 7.6 meters
(25 feet) were collected between the damsite and Lees Ferry (figure 3).

3. A jet probe was devised to penetrate through the sand-size material
overlying streambed gravel bars and deposits at nine locations randomly
selected within the 24-kilometer (15-mile) reach above Lees Ferry. The
jet probe was unable to penetrate the underlying gravels thought to con-
sist of large gravels, cobbles, or possibly bedrock.
Rk Observations of stream channel conditions influencing degradation indicated
that a gravel bg;\gxigggg“hglgw_range~l§“;93a;ed about 5.6 kilometers
(3-1/2 miles) below Glen Canyon Dam and a bar of gravel and cobble-size
material was located at the riffle near the mouth of the Paria River. The

bars consisted of rounded, stream-worn, hard rocks varying in size from
4 millimeters to over 203 millimeters (8 inches) in diameter and where
exposed (e.g., range 15), they were shingled and well compacted.

i The average size analyses for the various channel bottom samples collected
5 in 1956 are shown in figure 4. The mean size (D o) of the surface bottom
1 sediments was 0,21 millimeter, of the sands overiying gravels was 0.32 milli-
meter, and of the underlying gravels was 20 millimeters. Sediment transport
studies for evaluating the degradation below Glen Canyon Dam were made by
use of the bedload equatioms (e.g., Schoklitsch, Haywood, and Meyer-Peter,
~Muller) and with the anticipated powerplant releases averaging about 382 cubic
meters per second (13,500 cubic feet per second). These bedload transport
equations indicated that about 617,000 cubic meters (500 acre-feet) of sand-
size sediment per year would be scoured from the Colorado River between
Glen Canyon Dam and Lees Ferry. A transportable size aralysis with varying
discharges up to flood flows, indicated sufficient gravels in the size range
from 50 millimeters to 203 millimeters (2 to 8 inches) underlying the sands
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to provide stability. Based on the analytical approach for transport,
armoring and engineering judgment, the degradation study (Miller and
Borland, 1957) concluded that only the sand materials overlying the
gravels would be degraded. The volume of this sand-size material that
would be degraded was estimated to be about 8.26 million cubic meters
(6,700 acre-feet) which for average powerplant releases would take place
in about 14 years. Degradation immediately below the dam as limited by
armoring would be about 1.22 meters (4 feet).

RESURVEYS AND OBSERVATIONS DURING CONSTRUCTION
1959 - 1963

In July 1959 changes in tailwater in the reach downstream from Glen Canyon
Dam construction area were observed. These changes consisted of a l.2-meter
(4-foot) drop in water surface elevation near range 20. A plot of the
maximum monthly mean daily peak-flow hydrograph (figure 5) shows that much
higher flows occurred during 1959 than the anticipated powerplant releases
of about 382 cubic meters per second (13,500 cubic feet per second).
Degradation in 1959 was undoubtedly caused by both the high riverflows and
the deposition of sediment in the storage area upstream from the cofferdam
with about 130 million cubic meters (105,000 acre-feet) of storage.

The 1959 resurveys of the ranges selected for monitoring purposes showed a
maximum lowering in mean streambed elevation at range 20 of 1.83 meters
(6 feet) since the 1956 survey. A comparison of the 1956 with 1959 surveys
showed that 2.17 million cubic meters (1,760 acre-feet) of sediment had been
scoured from the Colorado River channel in the 9.7 kilometers (6 miles)

en Canyon Dam. There was very little degradation in the remaining
22.5 kilometers (14 miles) above Lees Ferry. Early in 1960, observations
of the downstream channel showed that the scouring had also uncovered gravel

. and cobble bars that were retarding any further scour in most areas and were

already becoming quite stable.

To further monitor the apparently high rates of degradation that were taking
place during construction, another survey of the downstream ranges was made
in 1963 in the reach upstream from range 10. The volume of material degraded
from the channel bottom in the 3.55-year period from 1959 to 1963 was

1.52 million cubic meters (1,230 acre-feet) in the reach above range 10.

The deposition of sediment above the upstream cofferdam combined with the
high relatively clear discharges below the dam between 1959 and 1963 scoured
sediment from the reach above range 10 and left a series of controls in the
riverbed that were well armored with gravel and cobble-size materials.

1965 AND 1975 RESURVEYS

The complete set of ranges was resurveyed in 1965 with 7.57 million cubic
meters (6,140 acre-feet) of sands scoured from the river bottom in the
5.8-year period from 1959 to 1965. This survey was the first since closure
of the dam in March of 1963. The high peak release of 1,645 cubic meters
per second (58,100 cubic feet per second) in May of 1965 is depicted on
figure 6 with a photograph of the dam taken in 1965. This type of release
created some deep holes that continued to degrade the downstream channel.
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pegradation from 1963 to 1965 had now moved downstream from range 15
and was much greater in the lower 14-1/2 kilometers (9 miles) of the
river immediately above Lees Ferry.

The resurvey of ranges in 1975, when compared to ranges surveyed in 1965,
ghowed no significant degradation with only about 120,000 cubic meters
(97 acre-feet) of material scoured from the river bottom in the 9.8-year
period. The accumulated volumes of sediment degraded from the Colorado
River channel above Lees Ferry between selected resurveys is shown in
figure 7.

SAMPLES OF BOTTOM SEDIMENTS TAKEN IN
1966 AND 1975

In the 1966 observation and sampling program, three major controls (similar

to that at range 20 (figure 8)) and six minor controls in the stream bottom
were found where the armoring-size material had provided a positive control.
The average-size analysis for the armoring materials from samples collected

in 1966 is shown on figure 4 with a Dgg of about 100 millimeters (4 inches).
Observations made during the 1966 sampling indicate that the armoring layer
was probably about 1 diameter in thickness, but underlying this layer was a
mixture of about 20 percent sand, 75 percent gravel, and 5 percent cobbles

up to 203 millimeters (8 inches). Most of the sand deposits overlying the
gravels that were identified in the 1956 jet probing had been removed

leaving an armoring layer of gravels and cobbles at nine locations controlling
further degradation. There was still some evidence of medium to coarse
sand-gsize material on the channel bottom above the gravel and cobble controls.
The sands were more predominant in the lower reaches above the Paria Riffle.

Observations of channel conditions in July 1975 supported those made in
1966 with about 10 gravel and cobble bars providing positive streambed con-
trol similar to that shown in figure 9. At least eight of these controls
wvere located in the upper 13 kilometers (8 miles). The bottom between the
controls is predominantly gravel with very little sand. Some sandbanks
were noted, but these are being held in check by an increase in vegetative

growth. In the upstream reach there is considerable algae growth on both

gravels and cobbles. In the downstream reach between controls there was more
sand on the bottom and at range 1, the surveyed cross section showed a local
sandbar to be moving with a Dggy of about 0.37 millimeter.

Photographs of the typical armor layer found in 1975 are shown on figures 10
and 11 which were taken near range 20. The size of the armor layer with a
Dgg of 100 millimeters (4 inches) is shown on figure 4 and was almost
identieal to that found in 1966.

ARMORING ANALYSIS

The standard Bureau of Reclamation procedures used to evaluate the armoring
materfal size (Strand, 1973) were applied to the reach below Glen Canyon Dam.
In addition to the Competent Bottom Velocity, Meyer-Peter, Muller, and
Schoklitsch equations used to determine the nontransportable beginning or

Zero transportable material to define an armoring size, the armoring analysis,
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Figure 10 - Gravel-cobble size armoring near Range
15A on Colorado River below Glen Canyon
Dam in July 1975.
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Figure 11 - Material underlying armoring layer near
Range 15A on Colorado River below Glen
Canyon Dam in July 1975.
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(Little and Mayer, 1972) and the Velocity~Xi Adjustment to Einstein's
total load transport (Pemberton, 1972) were tested. In this evaluation
of armor the critical period for degradation was considered to be from
beginning of construction until 1963 as shown on figure 5. The dominant
discharge for this period as defined by the maximum mean daily flow
hydrograph (figure 5) was assumed to approximate the 2-year flood peak
frequency and was 1,840 cubic meters per second (65,000 cubic feet per
second). The average channel hydraulics for this discharge together with
the size analysis of materials assumed to be available for armor from the
underlying gravel deposits in 1956 gave the following armoring sizes:

Armoring Size

Armoring Technique (Millimeters) =
Competent Bottom Velocity 76
(High Velocity Range)
Meyer-Peter, Muller 23
Schoklitsch 10
Little and Mayer 97%
Einstein Total Load 23

(USBR Velocity-Xi Adjustment)

* Geometric mean diameter of armor mixture.

The results tabulated above were supported by the samples of armoring
material as indicated by figure 4. The minimum size of armor shown for
the 1975 samples is about 40 millimeters, while that shown for 1966 was
about 10 millimeters. The geometric mean diameter of armor indicated by

Little and Mayer of 97 millimeters is in good agreement with the 1966 and
1975 armoring samples.

CONCLUSIONS

Degradation below Glen Canyon Dam has been controlled by armoring of cobble-
size materials with a D5g of about 100 millimeters. There are presently
about 10 of these gravel-cobble control bars in the 24-kilometer (15-mile)
reach of the Colorado River from Glen Canyon Dam to Lees Ferry. The 1957
degradation study indicated that the control below range 15 and Paria Riffle
would control extensive degradation. 1In the approximately 19 years since
construction first started on the dam up until 1975, resurveys of ranges have
supported most of the conclusions made in the 1957 study. The Paria Riffle,

consisting of cobbles and boulders, has not changed appreciably since con-
struction of Glen Canycen Dam.

An accelerated rate of degradation took place immediately below Glen Canyon
Dam during the construction period from 1959 to 1963. The cofferdam located
above the construction area provided a storage area for sediments, which in
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combination with large releases of clearer water, resulted in the
accelerated degradation. As anticipated, the degradation that first
occurred below the dam has moved downstream. The resurveys of ranges

have shown that about 9.87 million cubic meters (8,000 acre-feet) of the
bottom sediment have scoured from the channel compared with the predicted
value in the 1957 study of 8.26 million cubic meters (6,700 acre-feet).

In comparing the 1975 profiles with the 1965 profiles, the channel has
become quite stable with very little change in the upstream reaches and
with only minor changes, such as the medium and coarser sand-size materials

being moved into and through the lower reach of the Colorado River above
Lees Ferry,
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